Bone fracture occurs due to accident, aging, and disease. For the treatment of bone fractures, it is essential that the bones are kept fixed in the right place. In complex fractures, internal fixation or external methods are used to fix the fracture position. In order to immobilize the fracture position and connect the holder equipment to it, bone drilling is required. During the drilling of the bone, the required forces to chip formation could cause an increase in the temperature. If the resulting temperature increases to 47°C, it causes thermal necrosis of the bone. Thermal necrosis decreases bone strength in the hole and, subsequently, due to incomplete immobilization of bone, fracture repair is not performed correctly. In this study, attempts have been made to compare local temperature increases in different processes of bone drilling. This comparison has been done between drilling without cooling, drilling with gas cooling, and liquid cooling on bovine femur. Drilling tests with gas coolant using direct injection of CO 2 and N 2 gases were carried out by internal coolant drill bit. The results showed that with the use of gas coolant, the elevation of temperature has limited to 6°C and the thermal necrosis is prevented. Maximum temperature rise reached in drilling without cooling was 56°C, using gas and liquid coolant, a maximum temperature elevation of 43°C and 42°C have been obtained, respectively. This resulted in decreased possibility of thermal necrosis of bone in drilling with gas and liquid cooling. However, the results showed that the values obtained with the drilling method with direct gas cooling are independent of the rotational speed of drill.
Introduction
In orthopedic surgery, immobilization of the fractured bone requires hole generation in the bone. After drilling, self-tapering screws are closed for fixing maintenance devices at the hole site. Forces of plastic deformation of chips, friction between the drill bit and the wall of the hole, and also the friction between chips and hole wall cause heat generation at drilling sites. Part of the heat generated during the bone drilling process is dissipated by the flow of blood and interstitial fluids and part of it is transferred out of the hole by chips. Furthermore, some of the heat generated is transferred through heat conduction to the drilled bone. However, the thermal conductivity coefficient of the bone is negligible. Based on various researches, human bone thermal conductivity coefficient has been reported to be between 0.38 and 2.3 W/(m K). 1 This means that due to low bone thermal conductivity, heat remains on the drilling site, thus elevation of local temperature occurs, with the nature of bone alkaline phosphatase being subjected to change. This would cause thermal necrosis, the death of bone tissue and loss of mechanical strength in the position of the hole. 2 Lack of sufficient strength is important for bone in orthopedic surgery because in the next step, in order to stabilize the fracture position, self-tapping screws should be closed in the hole and lack of strength in the area of drilling weakens the interaction between the screw and bone, and as a result, the fracture will not heal in the desired direction and angle. The failure of the implanted plate in the lower leg fractures has also been reported as 7.1%. 3, 4 Thermal necrosis depends on two factors: the temperature level and duration of exposure to that temperature. Some researchers have specified temperature threshold for thermal necrosis, below which no significant impact is exerted on the bone tissue, but above that, the bone cells are heat affected. The thermal threshold for necrosis is exposure to a temperature of 47°C for 1 min. According to experimental tests conducted on the bone, for each degree increase in the temperature, tolerable period for bone decreases exponentially. So, when this period is reduced to 30 s at 48°C, until finally at 53°C, the thermal exposure period is reduced to a fraction of a second and thermal necrosis occurs in real time. 3 Considering these challenges, excessive temperature rise must be prevented during bone drilling process using specific methods. Several researchers have studied the effect of various factors on temperature changes during the drilling of the bone. Among the factors that affect drilling temperature rise are the quality of bone properties, the geometry of the drill bit, the hole depth, the sharpness of cutting tool, drilling speed, axial force, gradual implementation or single-stage drilling, drilling conducted intermittently or continuously, usage of internal or external cooling methods, mechanical properties, and quality of the drill. 5 Studies examining bone drilling can be reviewed in several fields. Some researchers have tried to reduce the temperature rise during drilling by studying the effect of machining parameters. Hillery and Shuaib studied the effect of machining parameters and tool geometry on the increase in the temperature in human and bovine bone drilling. They found that bone is an anisotropic material, cortical bone has a higher strength and lower layers are in the form of spongy, bone tissue which does not a good thermal conductivity, apart from the substrate, which experiences a good heat transfer done by the blood vessels. 1 Bachus et al. 3 found that using a higher axial force, the temperature of the process was reduced and consequently mitigated the risk of thermal necrosis. Allan et al. investigated the effect of tool wear on temperature rise in bone drilling. They used three types of drill bits for tests: the first drill bit was without erosion (new), the second drill bit was employed to create 600 holes, and the third drill bit had been used for several months. They mentioned that the allowable number of uses of the drill bit is 40 times, so that the tool wear does not affect the temperature elevation and the occurrence of necrosis. 5 Augustin et al. studied parameters such as diameter drill, drill point angle, and rotational speed. They considered that temperature increased with increasing rotational speed, while changing the drill point angle had no effect on the process temperature. 6 Karaca et al. conducted studies on human bones, and their research showed that increasing rotational speed and decreasing the feed rate reduce axial force, thus leading to a decrease in the temperature. Increasing the drill point angle also raised the process temperature. 7 Some researchers have modeled the drilling process and tried to achieve optimal processing conditions through modeling to avoid thermal necrosis. Davidson and James presented a thermo-mechanical model based on machining theory to predict the increase in the temperature and thermal damage exerted to the bone during the drilling process. In this study, they examined the rotational speed, feed rate, drill helix angle, drill point angle, drill diameter, specific heat capacity, heat conduction, and bone density. 4 In one study, Lee et al. 8 proposed a new model to predict temperature changes during the drilling process based on machining and heat transfer equations. In some studies, efforts have been made to reduce the amount of heat generated during drilling by making changes in tool geometry. Udiljak et al. 9 developed a new geometry for the drill bit and compared the effective parameters in conventional and two-phase drills with each other. Pandey and Panda 10 tried to improve the conditions of drilling by changing the tool geometry.
Some tried to prevent the occurrence of thermal necrosis using new machining techniques. Misic et al. 11 compared the conventional drilling and ultrasonicassisted drilling into the bone and considered that in vibration-assisted drilling, with increasing depth, the temperature steadily declined. However, in conventional drilling of bone, the temperature increased with developing the depth up to 5 mm. Dunnen et al. worked on bone drilling and recommended usage of a water jet and nozzle with a diameter of 0.5 mm as the best mode for drilling with water jet. However, for the bones of the joints with more strength, to ensure achievement of the desired depth of the hole, a nozzle with a diameter of 0.2 mm was advised. 12 Shakouri et al. 13 studied temperature rise in ultrasonic-assisted drilling of bone and observed that this method can be used in orthopedic surgery thanks to a significant reduction in the amount of axial force compared with conventional drilling, along with the independence of force of feed rate at the rotational speed of 1000 r/min. Wang et al.
14 conducted an experimental study and simulated conventional drilling and ultrasonic-assisted drilling. Gupta and Pandey 15 investigated the effects of rotational speed, feed rate, drill diameter, and vibration amplitude on the thrust force and torque in the ultrasonic-assisted drilling. Shakouri et al. 16 studied high-speed drilling of bone and observed that using the rotational speed of 6000-7000 r/min, due to a sudden drop in the axial force, a considerable reduction occurred in the temperature rise.
In some studies, attempts have been made to reveal the production and distribution of heat during the process by performing infrared thermography on bone drilling. Augustin et al. also investigated the distribution of temperature during bone drilling using infrared thermography. Their results revealed the fact that the spatial shape of temperature distribution in bone is irregular, while the maximum value of the temperature is found in the bone cortex, where it has the highest density. 17 Scarano et al. examined temperature variations and thermal necrosis phenomenon by changing the geometry of the drill bit. Drill bit was transformed from a simple cylindrical mode to taper mode. They were able to reduce thermal necrosis using the taper drill bit. 18 A group of researchers have tried to control the temperature rise in drilling site using a variety of cooling methods. In order to control the temperature of the drilling site, Sener et al. investigated the effect of a coolant in various drilling depths. They measured the temperature drilling site at depths of 3, 7, and 12 mm and observed that the highest temperature elevation occurred in the cortical bone. 19 Augustin et al. 20 studied the temperature changes during cortical bone drilling with a newly designed step drill and an internally cooled drill.
Despite the positive results of usage of cooling fluids (normal saline) to reduce the local temperature rise at drilling site, because of the risk of infection, there is no possibility for its use in orthopedic surgery. If there is a possibility of drilling through internal cooling with an inert gas, in addition to eliminating the risk of infection, advantages of reduction in the temperature elevation and the prevention of thermal necrosis are fulfilled. In the field of drilling with cooling for metals, Bagci and Ozcelik studied the effect of different methods of cooling on heat generation in drilling operations. They conducted drilling of aluminum in three modes of without cooling, with external cooling, and internal cooling (using internal coolant drill bit). The results showed that using the method of internal cooling with internal coolant drill bit, temperature rise of drilling site was reduced significantly. Moreover, they observed that the parameters of cooling, including fluid pressure, feed rate, and rotational speed, were the contributing factors to the heat generation by 81%, 17%, and 1.5%, respectively. 21 The main objectives of this study are performing bone drilling with internal cooling; comparing different types of drilling with gas cooling, with fluid cooling, and without cooling; and determining the optimal process in order to prevent thermal injury and necrosis. It is noteworthy to mention that the use of CO 2 and N 2 is very common in medical applications. For example, the injection of CO 2 gas is commonly used during laparoscopic operations, and N 2 gas is also used for decreasing pain during labor. Therefore, they have no any risk in clinical condition of patients during bone drilling with N 2 and CO 2 coolants. 22 The innovation of this study is that so far no results have not been reported about the comparison of temperature elevation in bone drilling with internal cooling, external cooling and without cooling.
Experimentation

Design and fabrication of internal cooling drill
In order to study the drilling with direct gas cooling and compare it with drilling with external liquid cooling, as well as drilling without cooling, there was a need to a device for direct transfer to drill gas. Furthermore, it was necessary to use a drill bit with an internal channel, so that the gas could be injected directly into the drilling site.
To investigate the effect of internal gas cooling of drilling temperature, as shown in Figure 1 , a special device was designed and built. According to Figure 1 , this system can transmit the gas from inside the drill and bring it to the drill bit. Figure 2 depicts the drill with internal cooling which was designed and built. Bosch drill GSB 16 RE motor was used for driving systems, and a dimmer was applied to set the desired rotational speed.
Experimental setup
Drilling tests have been done in three modes of without cooling, internal cooling with gas, and external cooling with liquid. Gases CO 2 and N 2 and normal saline solution were used in internal cooling and external cooling, respectively, as a coolant. Gas cylinders with a purity of 99.99% were used as the supply of the needed gas. In some studies, the compatibility of these gases with the human body has been studied. 24 To monitor the flow rate and keep the pressure of gas constant, a flow meter and regulator have been used (volumetric flow rate = 5 L/min). Drilling tests were carried out by internal coolant drill bit from carbide with a diameter of 3.2 mm, drill point angle of 90°, and helix angle of 35°. This drill bit had two holes each with a diameter of 0.3 mm on the inside (Figure 3) , whereas the holes started from the bottom of drill bit and extended along the helix angle to the drill tip. Each drill bit was used to drill a maximum of 40 holes and then was replaced with a new drill. To measure the rotational speed of the drill bit, optical tachometer was used. To perform drilling tests, the rotational speeds of 1100, 1500, 1920, 2650, and 3200 r/min were used.
Temperature changes during osseous drilling were measured using a k-type thermocouple connected to a PC by a thermometer Lutron TM-925 (Figure 4) . The thermocouple was coated with a thermal conductive paste to restrict heat loss. The standard distance between the drilling site and thermocouple site was 0.5 mm, and the depth at which the thermocouple was placed in the cortical bone was 3 mm, as described in other studies ( Figure 5 ). Three drilling experiments were performed for each machining condition.
Materials
In this experiment, bovine femur samples were obtained immediately after slaughter and used within a few hours ( Figure 6 ). The bovine bone is of interest since it replicates the properties of human bone. The central parts of the bovine femoral diaphysis of posterior legs were used with the length of 75 mm and 25 mm slices were cut from the mid-shaft using a band saw machine. Regions of bone less than 7 mm and higher than 8 mm were not included in the study. The periosteum was withdrawn from the point where the drill entered the bone. This prevents the chips from being forced under the tissue and clogging the flutes of the drill. 6, 17 The initial temperatures of bone and drill bit are not significant factors, and the increase in the bone and screw temperatures from room to body temperature (37°C) does not change the bone properties and influence the maximum temperature rise during drilling. 
Results and discussion
Results
Drilling without cooling. A schema of the formation and evacuation of chip in drilling without cooling is shown in Figure 7 . Moreover, the results of measurement of the hole temperature change during drilling without cooling are indicated in Figure 8 :
The increase in the drill bit speed from 1100 to 3200 r/min increases the temperature of drilling sites. Temperature elevation is so high that at all rotational speeds, its value has exceeded the allowable limit of thermal necrosis (47°C) and the occurrence of thermal necrosis is inevitable.
Drilling with gas cooling. The results of temperature changes in drilling with coolant of N 2 and CO 2 are presented in the following section. During the experimental tests, it was also observed that the formed chips were powder shaped, and their evacuation from drill groove was performed easily ( Figure 9 ). As a result, the friction between chips and workpiece (bone) and friction between chips and drill bit decreased dramatically.
Drilling with CO 2 cooling. Figure 10 shows the results of measuring the temperature rise in the process of bone drilling with CO 2 cooling. According to Figure 10 , it is obvious that Temperature changes have been almost equal in the operating conditions of cooling with CO 2 for every rotational speed. The changes in the rotational speed do not affect the temperature changes, so it can be stated that in this cooling mode, the temperature elevation is independent of the rotation speed. In none of the rotational speeds, temperatures have exceeded the allowable threshold. This means that at rotational speed of 1100-3200 r/min, thermal necrosis can be prevented using direct cooling with CO 2 .
Drilling with N 2 cooling. The results of measurement of the temperature change during drilling with N 2 cooling are shown in Figure 11 :
Due to the use of N 2 cooling, temperature changes were similar across all rotational speeds. Changes in temperature at different rotational speeds have not changed significantly. This means that in this way, the rotational speed has no sensible role in the changes in temperature and temperature elevation is independent of rotational speed. In none of the rotational speeds, the temperatures have exceeded the allowable threshold. This means that at rotational speeds of 1100-3200 r/min, thermal necrosis can be prevented using direct cooling with N 2 .
Drilling with normal saline cooling. The schematic view of drilling with liquid cooling is demonstrated in Figure 12 . According to the figure, it is remarkable that chips have been discharged from the drill grooves in the sticky paste state. This sticky paste is the result of mixing chips and liquid coolant and much of it remains in the groove of the drill bit. This makes difficulty in evacuation of chips from the drill grooves. However, drill grooves obstruction prevents the liquid coolant to reach the drilling site.
The results of temperature changes, caused by drilling with cooling with normal saline, are presented in Figure 13 , which has been a process of external cooling. According to Figure 13 , it is considerable that Up to rotational speeds of 1920 r/min, speed did not affect the temperature elevation considerably. Yet, with further increase in the rotational speed, the temperature rise has been intensified. The reasons for this can be increased drill friction and the inability of the coolant to reach the drilling sites. The sample temperatures did not exceed the permitted value in none of the rotational speeds of the tests. This means that at rotational speeds of 1100-3200 r/min, with saline cooling, thermal necrosis can be prevented.
Discussion
According to the results in Figure 14 , in the case of the drilling without the use of cooling, it can be found that with increasing the rotational speeds from 1100 to 3200 r/min, temperatures of drilling site have increased. To explain the reasons for this problem, the influential factors of temperature elevation during the drilling process should be studied. Among the major causes of the increase in the temperature during drilling that can be mentioned are the formation of chip, chip accumulation, friction between the hole and chips, and the friction between the drill bit and chips. Because of lack of change in the chip formation force by increasing the rotational speed and, however, based on the increased friction with raising the rotational speed, it could be realized that increasing the rotational speed has led to further growth in temperature. Chip accumulation in the drill grooves, friction between the chip and the hole, and the friction between the chip and drill bit thus further enhance the temperature at the drilling site.
According to the results of drilling with external cooling with normal saline, it is notable that the hole localized temperature increases with raise in the rotational speed. The reason for this can be attributed to the failure of coolant reaching the drilling site. With increasing rotation speed, the torque has increased and caused disturbance in the entrance of coolant to the drilling site. The only way to have cooling liquid reach the drilling site is through the grooves of drill bit. However, the formed chips should be evacuated through drill bit grooves. This situation is causing interference in the discharge of chips and coolant flow in the grooves of drill bit. The problem with chip evacuation results in its accumulation and increase in the friction between the chips and hole wall. Furthermore, lack of access of the coolant to the position of the hole, caused by blocked drill slots, has weakened the cooling process. Combination of chips with coolant liquid causes the chips to become sticky dough forms ( Figure 15) .
According to the results of drilling with internal cooling with gas, it can be seen that the drilling temperature change is not sensible across different process conditions. The specific heat capacity of CO 2 and N 2 at room temperature (25°C) has been reported as 0.846 kJ/(kg K) and 1.04 kJ/(kg K), respectively. Due to slight differences in heat capacities of the two gases, they should also contribute to the same temperature changes, which is clearly visible in Figure 14 . The heat capacity of water is reported to be 4.18 kJ/(kg K) (at room temperature), which is much higher than that of CO 2 and N 2 . This means that saline solution has a better cooling ability than CO 2 and N 2 . Nevertheless, according to Figure 14 , the temperature changes in the mode of cooling with normal saline and the modes of cooling with gases are almost identical. The reason for this can be attributed to the direct gas injection to the position of chip formation. Due to CO 2 and N 2 flow through the drill bit, heat transfer regime of free convection changes into forced convection As a result, in addition to the dissipation of heat by the chip evacuation, heat is discharged from the system by gas. This causes the heat generated not to have the opportunity to penetrate into the host bone. However, with the exhaust gas pressure of the drill, chips are forced to leave drill grooves more quickly. Rapid evacuation of chips in the drilling site prevents the accumulation of chips in the drill bit grooves and causes the evacuation of chips to occur in the powdered form and more quickly. However, the ease of evacuation of chips causes reduced friction between the chip and the hole, as well as friction between the drill and chips. As a result, the rubbing and frictional heating is considerably reduced. Accordingly, it can be concluded that the process of internal cooling with gas is recommended in orthopedic surgeries to prevent thermal necrosis based on the following reasons: (1) achieving the lowest increase in the temperature, among all the processes of drilling; (2) the independence of the resulting temperature of the drill rotational speed; (3) reducing the risk of infection in relation with coolant liquids; and (4) ability to perform cooling even at greater depths.
Conclusion
In this study, a drill was designed and built for drilling with internal cooling with gas. Bone drilling tests were conducted at 1100-3200 r/min rotational speeds with a hole depth of 8 mm, across four modes: conventional drilling, drilling with external cooling with normal saline, drilling with internal cooling with CO 2 , and drilling with internal cooling with N 2 . The following results were obtained:
In conventional drilling (without cooling), with increasing rotational speed, the temperature has increased substantially due to the low rate of heat transfer, increase in the accumulation of chips, and the friction between chips and drill bit, along with the friction between the chips and hole. This increase in temperature is so high that the temperature has exceeded of the thermal necrosis allowable level, namely, 47°C, and thus thermal necrosis has emerged. In the process of drilling with external cooling with normal saline, the rotational speed has a relationship with temperature elevation. Drill bit slots obstruction by chips and increase in the torque are the main causes for the failure of the cooling liquid reaching the drilling site, which have been the reasons for the increase in the temperature. In drilling with external cooling with normal saline, it is predicted that the rise of the localized temperature increases with increasing depth of the hole, due to lack of cooling liquid in the deep areas. In drilling with internal cooling with N 2 and CO 2 , temperature changes have been minimal, and temperatures did not pass the allowable level, and the possibility of prevention of thermal necrosis has been provided. The reasons for the slight increase in the temperature, during drilling with cooling by N 2 and CO 2 gases, can be stated as follows: (1) alteration of the heat transfer regime from free convection to forced convection due to the gas flow, (2) fast and smooth evacuation of bone chips because of exhaust gas pressure of the drill bit and prevention of accumulation of chips, and (3) decrease in the friction between the chips and the hole and friction between the chips and drill bit. In the case of drilling with internal cooling with gas, the results of local temperature rise are independent of the rotational speed and depth of the drill hole, which is important for orthopedic surgery. Usage of gas coolant in orthopedic surgery, compared with external cooling with normal saline, reduces drilling time. Furthermore, due to lack of dependence on rotational speed, it helps in eliminating the need to spray coolant on the drilling area.
Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
Funding
The author(s) received no financial support for the research, authorship, and/or publication of this article.
